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Abstract

Constructed wetlands (CWs) are engineered systems for treating wastewater by

sequestering nutrients and contaminants. Our aim was to assess the main phospho-

rus (P) binding states in operating CWs to assess P saturation and indications on P

recycling potential of filter materials, which might be necessary under future peak P

scenarios. The investigated vertical flow CWs (operation time up to 16 years) are

based on either fluviatile (Fluv) sand or zeolite- (Ze-LS) and clinopyroxene (Cl-LS)-

dominated lava sand. Organic and inorganic P accumulated in all CWs independent

of filter materials and showed a considerable increase with operation time. Concen-

trations of P decreased sharply with depth in the Fluv-CWs compared to only a slight

decrease in the lava sand CWs, with P concentrations of deeper horizons approxi-

mating the relatively P enriched original lava sand substrates. Orthophosphate was

the dominant pool in all CWs, while the sum of organic fractions ranged between

11% and 33%. Sequential extraction indicated that P was mainly associated with Fe

and Al (hydr)oxides for Fluv-CWs and Ze-LS-CWs, while Ca and Mg bound mineral

phosphates dominated in Cl-LS-CWs. Oxalate extractions pointed to a clear domi-

nance of P fractions associated with poorly crystalline Fe- and Al-(oxy)hydroxides.

Solution 31P NMR analyses revealed that inositol hexakisphosphates were a major

pool of organic P in surface layers of CWs, which increased with operation time.

With a maximum of 0.5% P content, filter sands do not appear to be a suitable fertil-

izer for direct application to agricultural fields. The dominance of inorganic, poorly

crystalline P species point to potentially high desorption capacity which might be

investigated further, to assess recycling potential of P or usage of filter materials as

soil amendments with relatively high plant available P. The latter might become feasi-

ble and economically attractive under future P scarcity. Simultaneously, P saturation

indexes (DPS) did not indicate an imminent P saturation of filters, since P accumula-

tion was not restricted by binding to Al and Fe minerals.
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1 | INTRODUCTION

Constructed wetlands (CWs) are engineered systems that use the nat-

urally occurring functions of vegetation, soils and microorganisms to

treat wastewater (Wu et al., 2018). For decades, CWs have been

applied for the removal of metals (Guittonny-Philippe et al., 2014;

Huang et al., 2017), organic pollutants (Zhang et al., 2018), and macro-

nutrients such as nitrogen and phosphorus (P) from domestic and

industrial wastewaters and agricultural runoffs (Bruch et al., 2011b;

Bruch et al., 2014; Huang et al., 2017; Vohla et al., 2011;

Vymazal, 2007). Whilst P is often a limiting macronutrient for living

organisms in aquatic and terrestrial ecosystems (Paytan &

McLaughlin, 2007; Sohrt et al., 2017), especially in the context of agri-

cultural production (Alewell et al., 2020), urbanization and intensifica-

tion of agriculture have caused a P enrichment of surface aquatic

ecosystems, which has often led to hypoxia, eutrophication

(Withers & Jarvie, 2008), and a loss of biodiversity in fresh- and ocean

waters (Davis et al., 2019; Lind et al., 2019; Pant, 2020).

Phosphorus in wetlands may be present in dissolved and

suspended forms, sorbed to organic and mineral particles, or con-

tained within organic molecules, humic substances and biomass

(Ballantine & Tanner, 2010; Kuusemets & Lohmus, 2005; Paludan &

Jensen, 1995; Vera et al., 2014). The retention of P in wetlands is con-

sidered to be largely through plant uptake, microbial assimilation,

adsorption and precipitation processes with soil constituents

(Ballantine & Tanner, 2010; Vohla et al., 2011). Adsorption and precip-

itation processes tend to dominate in hypereutrophic systems due to

biological saturation and the strong affinity of P to minerals such as

iron (Fe) and aluminium (Al) (hydr)oxides in acidic soils, and calcium

(Ca) and magnesium (Mg) in alkaline soils (Karjalainen et al., 2016).

The long-term removal capacity of P in CW systems requires the

selection of filter materials that promote P retention, which is largely

based on their P adsorption or retention capacity (Ballantine &

Tanner, 2010). These can include: allophane, Papakai tephra, tree

bark, limestone, alum, slag, seashells, shell-sand, or a mixture of sub-

soil and topsoil (Ballantine & Tanner, 2010). However, fluviatile sand

(Fluv) is the most commonly used filter material in CWs due to its high

availability and low cost (Bruch et al., 2014). Nevertheless, the P sorp-

tion capacity of filter materials may not always explain the overall P

removal efficiency in CWs. Cui et al. (2008) highlighted the different P

adsorption capacities and P removal efficiencies of nine different filter

materials, which appear to be related to their physicochemical proper-

ties, for example, pH, redox potential (Eh), Ca, Fe and Al contents. In

addition, the mineral composition of the filter materials may also

affect the element removal efficiency of wastewaters. For example,

filter materials containing zeolites can increase the metal sorption

capacity and also have a large hydraulic regulation function due to

their swelling capacity (Bruch et al., 2011b; Bruch et al., 2014). This

prolongs the retention time of the wastewater in the filter matrix and

thus the equilibration time of substrates at the filter solid-water inter-

face, generally resulting in a high removal efficiency of metals (Huang

et al., 2017) and nutrients (Bruch et al., 2014). For substances with

strong adsorption affinity to Fe(hydr)oxide such as P, the Fe(hydr)

oxides containing filter materials may change from sorption to desorp-

tion substrates depending on oxygen saturation (Laakso et al., 2016),

that is, Fe(hydr)oxide dissolution and P release during the anoxic cycle

and fixation in the oxic period. Therefore, a detailed understanding of

both the P retention capacity and mobility along the CW profiles as a

function of filter material is needed when designing CWs.

There is limited information on the chemical nature of P that

accumulates in filter materials of CWs. Understanding the dominant P

pools and the mechanisms responsible for their accumulation or

release will help improve the construction of CWs for increased P

retention capacity. However, beyond striving for maximum P sorption

capacities, an increased understanding of P species is also required to

develop strategies that release P for recycling. Previous studies on

CWs using sequential P extraction have indicated the prevalent asso-

ciation of P with Fe(hydr)oxides (Paludan & Jensen, 1995). Further-

more, studies using solution 31P nuclear magnetic resonance (NMR)

spectroscopy on NaOH-EDTA extracts have revealed that CWs con-

tain relatively high concentrations of both inorganic P (Pi) and organic

P (Po) (Turner et al., 2006a; Turner et al., 2006b). The chemical nature

of the latter was largely attributed to that of DNA, and the alkaline

hydrolysis products of phospholipids and RNA, which exhibit NMR

signals in the phosphomonoester region (Turner et al., 2006a). How-

ever, the chemical nature of a large portion of the organic P remained

unclear. New information on the chemical nature of these pools might

provide new insight on the mechanisms governing P sequestration,

stability and turnover in these systems.

CWs are highly important to remediate P in municipal wastewa-

ter. Thus, this study aimed to (a) quantify the impact of two common

filter materials (fluviatile and lava sands) on P retention mechanism

along depth profiles in operating CWs, (b) understand the binding

state and chemical nature of P in CWs, (c) elucidating the potential

role of different mineral components to the P retention in different

filter materials, and (d) assess the likelihood of potential recycling of

P from filter materials. We selected nine CWs in Germany containing

fluviatile or lava sand as filter material. All facilities exhibited high

removal rates of chemical oxygen demand (COD), nitrogen (espe-

cially ammonia) and P, which makes them suitable wastewater facili-

ties for local authorities (Bruch et al., 2014; Moradpour &

Mayer, 2012).
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2 | MATERIAL AND METHODS

2.1 | Site description

All sampled CWs were located within 100 km from each other in

southwestern Germany (Huang et al., 2017), and are used as municipal

plants to treat wastewater using a vertical flow regime. All CWs con-

sisted of a gravel layer at the bottom of the profile (25–30 cm thick,

4–8 mm grain size), and an overlying filter layer (�70 cm thick). Three

different filter materials were used and have been under operation for

varying lengths of time at the time of sampling, these include: fluvia-

tile sands (Fluv) in Schneebergerhof (Fluv-16yr), St. Alban (Fluv-9yr)

and Würzweiler (Fluv-12yr and Fluv-8yr), clinopyroxene-dominated

lava sand (Cl-LS) in Medelsheim (Cl-LS-6yr) and Tettingen-Butzdorf

(Cl-LS-7yr), and zeolite-dominated lava sand (Ze-LS) in Büschdorf (Ze-

LS-8yr) and Riesweiler (Ze-LS-6yr).

X-ray diffraction (XRD) analysis (AXS D8 XRD, Bruker, Karlsruhe,

Germany,) showed that the Fluv material was dominated by quartz,

with minor amounts of feldspar (albite, microcline) and clay minerals

(kaolinite, illite, chlorite and vermiculite [Huang et al., 2017]). The Cl-

LS material contained clinopyroxene, with minor amounts of olivine

(forsterite), feldspathoid (leucite) and chabazite (Huang et al., 2017).

The Ze-LS was dominated by phillipsite and chabazite, but there was

also some clinopyroxene, olivine (forsterite), feldspathoid (nepheline),

magnetite and quartz present. This suggests the Ze-LS material con-

tains lava sand that has been mixed with some quartz sand. The spe-

cific surface area of the Fluv, Cl-LS and Ze-LS materials was �1,

18 and 72–80 m2 g−1, respectively, as determined by BET N2 analysis

(Bruch et al., 2014). All CWs received wastewater from the nearby

municipalities, which was supplied onto the filter materials intermit-

tently. This involved 1 week of loading followed by 1 week of resting,

during which time the filters become dry and oxic.

The facilities are connected to a separated (in Fluv-8 years and

Cl-LS-6yr) or mixed (all other CWs) sewer system, designed with an

surface area of between 2.4 and 5 m2 per population equivalent

and having operating times between 6 and 16 years (Huang

et al., 2017). All CWs are likely to have comparable loads of annual

wastewater input based on their similar municipal environments

(Hasselbach, 2013). Substrate input appears to remain relatively

constant as shown by the small variation in total organic carbon,

total P and NH4-N of the inflow at Ze-LS-6yr from 2007 to 2011

(Bruch et al., 2011a).

All CWs were originally planted with reed (Phragmites australis)

with a density of 4 plants per m2, but the reed has become partly dis-

placed with stinging nettle (Urtica dioica) over time in some areas.

All CWs were reported to have removal rates of 80%–95% in

COD, 90%–100% ammonia and 55%–80% P (Bruch et al., 2011b).

Hasselbach (2013) investigated the P concentrations in the inlet and

outlet waters at the Ze-LS CWs re-investigated in this study and

found an overall P removal efficiency of 46%–83%.

Additional information on the CWs and their operating conditions

can be found in Huang et al. (2017), Bruch et al. (2011b),

Hasselbach (2013) and Bruch et al. (2014).

2.2 | Sampling

In June 2012, filter material was sampled in triplicate at each CW with

a soil corer (diameter of 6 cm) to a depth of 60 cm (with the exception

of the Ze-LS-6yr site, which was water saturated in the deeper layers).

Sampling points were well distributed within the area of the CW but

at least with 1 m distance from the edge. Each core sample was sliced

into six vertical sections of 10 cm. All samples were dried at 40�C,

passed through a 5 mm sieve, and then milled prior to chemical ana-

lyses. The bulk densities of Fluv sand, Ze-LS and Cl-LS were

�1.4 g cm−3.

2.3 | Analysis of phosphorus concentrations

Phosphorus concentrations were measured in the original substrates

of Ze-LS, which can be considered as baseline values for estimating

the P accumulation rate at these sites. Since no original substrate was

available for the CI-LS as well as for the Fluv, P concentrations in the

deepest layer (depth of 50–60 cm) at the Fluv sites were analysed and

considered to represent baseline values. The net accumulation rate of

P was calculated by taking the difference in their concentration for

each layer and that of the original substrates, and dividing them by

the operation time at each CW.

Total P concentrations were determined at all CWs and layers,

whereas pH was measured in three layers (0–10, 20–30 and

40–50 cm). Sequential P extraction and oxalate extraction was carried

out at all CWs and in two layers (0–10 and 40–50 cm, or 20–30 cm

for Ze-LS-6yr for which it was the deepest available layer). The

NaOH-EDTA extraction technique for solution 31P NMR analysis was

carried out on one replicate of each CWs in the 0–10 cm layer.

Sequential P extraction was carried out on 0.2 g of filter material

using a modified scheme based on the methods of Tiessen and

Moir (1993) and Bowman and Moir (1993). The procedure included

the following steps:

(1) Resin strip (6 × 2 cm), 10 ml water, at 20�C for 18 h, followed by

rinsing with 5 ml water and elution of the resin with 30 ml 0.1 M

NaCl, representing the readily soluble P fraction; P in the total of

15 ml water remaining after removal and rinsing of the resin strip

representing a second readily soluble fraction;

(2) 10 ml of 0.25 M NaOH and 0.05 M EDTA, at 20�C for 18 h, rep-

resenting organic P, Al and Fe mineral phosphates, and P more

readily sorbed to Fe and Al (hydr)oxides;

(3) 10 ml 1 M HCl, at 20�C for 18 h, representing the Ca and Mg min-

eral phosphates; and

(4) Residual P was taken as the difference between the sum of the

aforementioned steps and the total concentration of filter material

P as determined by digestion with H2SO4 and H2O2 at 360�C

(Anderson & Ingram, 1993).

The first resin eluate was analysed only for molybdate-reactive P

using malachite green (Ohno & Zibilske, 1991), from here on referred to
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as inorganic P (Pi). All other supernatants were analysed colorimetrically

for Pi using malachite green (Ohno & Zibilske, 1991) and for total P using

inductively coupled plasma-optical emissions spectroscopy (ICP-OES).

The difference between the concentration of total P and Pi is that of

molybdate-unreactive P, and is here on referred to as organic P (Po). Fur-

thermore, we refer hereafter to the P eluted from the resin strip as read-

ily available P, P in the supernatant of the resin extraction as water

extractable P, the NaOH-EDTA extractable P as Al-Fe bound phos-

phates, and the HCl extractable P as Ca and Mg mineral phosphates.

2.4 | Extractable metals and phosphorus saturation
index

Extractable metals were determined using the oxalate extraction tech-

nique of Schoumans (2000). Briefly, 2.0 g of filter material was

extracted with 50 ml of 0.1 M oxalic acid and 0.175 M ammonium

oxalate (pH 3.0) mixture and shaken in the dark for 4 h. The extracts

were centrifuged at 4000 rpm for 10 min, filtered through a Whatman

no. 40 filter paper, which was then acidified by mixing with 0.01 M

HCl in a 1:4 ratio. The acidified filtrate was subsequently analysed for

total P, Al and Fe using ICP-OES. Estimation of P saturation index of

different filter materials was carried out as described by Nair

et al. (2004). The degree of P saturation (DPS) ratio was calculated

using Equation (1):

DPS=
Oxalate extractableP½ �

0:5× Oxalate extractableAl½ �+ Oxalate extractableFe½ �ð Þ : ð1Þ

2.5 | Extraction of organic phosphorus and
preparation for NMR analysis

Concentrations of Po were determined using the method of Cade-

Menun and Preston (1996). Briefly, 2 g of filter material was extracted

with 40 ml of 0.25 M NaOH + 0.05 M Na2-EDTA solution on a hori-

zontal shaker at 160 rpm for 16 h. Extracts were centrifuged at

5000 rpm for 20 min, and the supernatant passed through a

Whatman no. 42 filter paper. A 20 ml aliquot of the filtrate was frozen

at −80�C, and then lyophilized and weighed (Doolette et al., 2010).

This resulted in 521–644 mg of lyophilized material across all filter

materials.

Preparation of lyophilized material for solution 31P NMR analysis

is the same as that described in Reusser et al. (2020).

2.6 | Solution phosphorus-31 NMR spectroscopy

All spectra were obtained with a Bruker Avance III HD 500 NMR

spectrometer equipped with a Bruker CryoProbe™ Prodigy probe

(Bruker Corporation; Billerica, MA) at the NMR facility of the Labora-

tory of Inorganic Chemistry (Hönggerberg, ETH Zürich). The NMR

spectrometer was set at a 31P frequency of 202.5 MHz with inverse

gated broadband proton decoupling and a 90� pulse of 12 μs duration.

Solution 31P NMR spectroscopy was carried out on the filter materials

with a total acquisition time ranging from 14 to 32 h with an average

value of 25 h. Further details can be found in the Supporting

Information.

All spectra were initially processed within TopSpin® software

(Bruker Corporation, Billerica, MA). The spectra were then phased and

baseline corrected, and defined integral ranges were established

according to the presence of 31P NMR signal. The main integral

regions can be found in the Supporting Information. Due to the pres-

ence of several overlapping NMR signals, spectral deconvolution

fitting was carried out for the phosphonate region at δ 17.26–

16.11 ppm and the combined orthophosphate and phosphomonoester

region at δ 6.26–2.76 ppm. Spectral deconvolution fitting was carried

out in these regions using Matlab (The MathWorks Inc., Natick, MA), as

described in Reusser et al. (2020). Further details on the partitioning of

these regions, peak assignments, and quantification of P in NaOH-

EDTA using NMR can be found in the Supporting Information.

2.7 | Graphics and statistical analyses

All NMR graphics were carried out using R 3.2.0

(R_Core_Team, 2016).

3 | RESULTS AND DISCUSSION

3.1 | Phosphorus distribution along the CW
profiles

Independent of the filter materials of the different CWs, total P was

enriched in all surface layers (Figure 1), which reflects the vertical

flow regime and limited downwards transport of P (Olila

et al., 1997). In addition to the filter materials' strong binding affinity

of P, the accumulation of P in the surface layer may have increased

due to decreasing pH values. While original substrates had pH values

of 8.5 (Huber, 2012), filter materials increasingly acidified in the sur-

face horizons with pH 6–7 compared to pH 7.0–8.0 in the deeper

horizons (Table S1 of the Supporting information). This is likely due

to acidifying processes like mineralization and nitrification in spite of

the input of relatively high pH sewage water on the surface. How-

ever, the adsorption capacity and affinity of P compounds to

adsorbing surfaces generally increases with decreasing pH (Lü

et al., 2017).

Concentrations of P in the upper layers of each CW were consid-

erably greater than those in the corresponding baseline materials, and

decreased more drastically with depth in the Fluv CWs than in the Cl-

LS and Ze-LS CWs (Figure 1). The accumulation rate of P was stron-

gest in the surface layer with a rate of �200 mg P kg−1 year−1 in most

CWs (Table S2 of the Supporting Information), reflecting the similar

operating conditions among CWs (Huang et al., 2017). Higher
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accumulation rates of P in the surface layers at Fluv-16yr might at

least partially be due to longer operation times; however, the high

accumulations in the surface of Ze-LS-6yr (423 and

410 mg kg−1 year−1, respectively) imply different or additional mecha-

nisms governing the accumulation of P at these sites. At 20–40 cm

depth, P concentration was higher in Cl-LS and Ze-LS CWs than in

Fluv CWs, reflecting the higher baseline concentrations in these lava

sand containing CWs. The latter might be due to the higher presence

of metals (Huang et al., 2017), which have a strong binding affinity

with P. In a previous study, we showed a high removal efficiency of

metals in Ze-LS CWs (Huang et al., 2017). Zeolites not only increased

the metal sorption capacity but they also adsorb large amounts of

water, prolonging the equilibration time of metals at the filter solid-

water interface (Bruch et al., 2011b; Bruch et al., 2014).

3.2 | Phosphorus sequential extraction in the filter
materials of CWs

The greatest difference in the P composition of filter materials was

observed in the surface layer, especially between the four Fluv CWs

(Figure 2a). While surface layers of Fluv CWs and Ze-LS CWs were

generally dominated by Fe and Al bound Pi, the majority of surface

layer P of CI-LS CWs was Ca- and Mg-bound Pi.

In general, orthophosphate was a major P pool in all CWs and

considerably increased over time (932 mg kg−1 in the 8 years Fluv-

Wü compared to 5148 mg kg−1 in the 16 years Flu-Sc (Table 1), with

Po comprising between 21% and 33% of total P in all CWs. Even

though the sum of Po was also increasing from 261 mg kg−1 in the

8 years Fluv-Wü compared to 756 mg kg−1 in the 16 years Flu-Sc

(Table 1), the relative proportion of Po decreased from 33% to 21% of

total P in this chronosequence.

Pools of Al and Fe bound P in the surface layer had the largest

increase compared to that in the 40–50 cm layer across all CWs

(Figure 3d,e), followed by readily available and water extractable Pi

(Figure 3a–c). Water extractable Pi and Al and Fe bound Pi and Po

had significantly larger concentrations in the surface layer than at

40–50 cm depth in Cl-LS and Ze-LS CWs (1.8–4.8 times). There were

strong and significant correlations between the operation time of all

CWs and the changes in concentrations in the 0–10 cm layer com-

pared to the 40–50 cm layer for Al and Fe bound Pi (r = 0.92,

p < 0.01, Figure 3) and Al and Fe bound Po (r = 0.96, p < 0.01,

Figure 3e). The reason for this is likely the association of P with Fe

and Al (hydr)oxides as the major P retention mechanism in CWs, inde-

pendent of the filter materials. In soils and sediments, sorption to Al

and Fe (hydr)oxides, complexation and co-precipitation with Al3+ and

Fe3+ are the main abiotic processes governing P accumulation (Lü

et al., 2017; Xu et al., 2006).

In the 40–50 cm layer at the Ze-LS CWs, Al and Fe bound Pi

comprised 60% of the total P, whereas Ca and Mg mineral phosphates

were dominant at Cl-LS (50–60% of total P) (Figure 2c). In the

40–50 cm layer at the Fluv CW sites, both Al and Fe bound Pi and Ca

and Mg mineral phosphates were the predominant fractions. These

results indicate a different P composition of the filter materials among

Fluv, Cl-LS and Ze-LS. Surprisingly, significantly elevated concentra-

tions of Ca and Mg mineral phosphates and/or residual P fractions

were found in the surface layers of older Fluv-CWs (i.e., Fluv-16yr

and Fluv-12yr CWs).

Results of the phosphorus sequential extraction indicated that

organic P (Po) does not contribute more than 20% in most horizons of

all three filter materials, in some exceptions up to 40% of total P

(Figure 2). In principle, there are two major binding mechanisms to con-

sider. While organic matter contains P and thus is a P storage in itself,

organic matter also has a sorption capacity for P, which is likely via metal

0

10

20

30

40

50

60

70
0 2000 4000 6000 8000

Concentrations (mg P kg-1)

D
ep

th
 (c

m
)

Fluv-16yr
Fluv-9yr
Fluv-12yr
Fluv-8yr
Baseline

0

10

20

30

40

50

60
0 1000 2000 3000 4000

Concentrations (mg P kg-1)
D

ep
th

 (c
m

)

Cl-LS-6yr

Cl-LS-7yr

0

10

20

30

40

50

60
0 2000 4000 6000 8000

Concentrations (mg P kg-1)

D
ep

th
 (c

m
)

Ze-LS-8yr
Ze-LS-6yr
Baseline

F IGURE 1 Concentrations of total phosphorus at different depths of fluviatile sand (Fluv) and clinopyroxene- (Cl-LS) and zeolite-dominated
lava sand (Ze-LS)-based constructed wetland (CW) profiles of different operation time. Red reference lines show the baseline concentrations of
phosphorus in the starting materials of Ze-LS and in the deepest layers of fluviatile sand based CWs, respectively

ALEWELL ET AL. 5 of 14



bridges forming humic-metal-P complexes (Gerke, 2010). The general

consensus is that iron and aluminium sesquioxides are the predominant

P sorption sites, which is mirrored by our data (Figure 2). Simulta-

neously, organic matter might decrease the soil's P sorption capacity via

competitive sorption reactions with DOC (e.g., Guppy et al., 2005). Thus,

while some studies report no or even a negative relationship between P

sorption and organic matter (Daly et al., 2001; Singh & Gilkes, 1991),

other studies have reported significant positive relationships (Reddy

et al., 1995). Since our data indicate that the P sorption sites of the filter

material are not yet saturated, the role of organic matter in this respect

is most likely not a regulating function at the moment.

3.3 | Chemical nature of organic phosphorus in
NaOH-EDTA extracts of filter materials

Solution 31P NMR spectroscopy on NaOH-EDTA extracts was used

to determine the chemical nature of Po in the 0–10 cm layer at each

CW and with increasing time. Concentrations of P in NaOH-EDTA

extracts of filter materials followed a similar trend to that measured in

the aforementioned NaOH-EDTA extracts of the sequential chemical

fractionation procedure (Table 1). Solution 31P NMR spectroscopy on

NaOH-EDTA extracts revealed the presence of a multitude of P spe-

cies (Figure 4, and Figures S1 and S2 of the Supporting Information).
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fractions, respectively
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The most abundant pool of Po was that of phosphomonoesters, which

comprised on average 80% of the Po in NaOH-EDTA extracts

(Table 1). This is consistent with previous studies on mineral soils

(McLaren et al., 2020). Concentrations of phosphomonoesters seem

to accumulate over time, as we find an increase of total pho-

sphomonoesters (i.e., sum of all phosphomonoester species) from the

8 years Fluv CW (214 mg kg−1) to 16 years of treatment

(614 mg kg−1; Table 1).

The main P compounds identified in the phosphomonoester

region were myo-, scyllo-, neo- and D-chiro-inositol hexakisphosphate

(IP6), and a broad signal (Figure 4 and Table 1). Pools of IP6 comprised

between 47% and 85% of phosphomonoesters across all samples. The

myo stereoisomer was the most predominant, which comprised on

average 64% of total IP6. myo-Inositol hexakisphosphate is an impor-

tant molecule in living organisms, and particularly in plants, where it

functions as a P storage in seeds for the developing seedling. Concen-

trations of myo-IP6 at the Fluv CW increased from 100 mg kg−1 after

8 years of treatment to 286 mg kg−1 after 16 years of treatment. A

similar increasing trend over time might already be seen at the Cl-LS

CW and Ze-LS CW, however a 2 years' period is too short to delin-

eate a trend. The accumulation of myo-IP6 in these samples is attrib-

uted to the addition of seeds from growing plants, which contain high

concentrations of myo-IP6 (Noack et al., 2012), and/or any myo-IP6

potentially present in the wastewater and/or synthesis by microbes.

The myo-IP6 can then be stabilized via sorption to metal surfaces (Celi

et al., 1999), thus protecting the myo-IP6 from enzymatic hydrolysis

(Tang et al., 2006). Concentrations of scyllo-IP6, neo-IP6, D-chiro-IP6

generally followed a similar trend to that of myo-IP6 with operation

time across the CW sites, although differences were less pronounced

at the Cl-LS CW and Ze-LS CW sites. The origin of these IP6 stereo-

isomers is unknown, but their abundance is considered to be related

to that of myo-IP6 and microbial processes (e.g., epimerization) (Giles

et al., 2011; Moata et al., 2016).

Concentrations of the broad signal in the phosphomonoester

region ranged from 29 mg kg−1 after 8 years of treatment to

121 mg kg−1 after 16 years of treatment at the Fluv CW (Table 1). A

TABLE 1 Concentrations (mg kg−1) of phosphorus (P) species in NaOH-EDTA extracts of three different filter materials and up to four
sampling times as determined from solution 31P nuclear magnetic resonance (NMR) spectroscopy

P species

Fluviatile Cl-LS Ze-LS

Sc
16yr (1997)

Wü
12yr (2001)

St A
9yr (2004)

Wü 2
8yr (2005)

Te-1
7yr (2006)

Me-1
6yr (2007)

Bü
8yr (2005)

Ri
6yr (2007)

Phosphonates

2-AEP 66 56 35 34 24 20 14 15

Othera 39 7 26 6 8 4 7 12

Phosphomonoester

Broad signal 121 64 36 29 47 26 21 24

myo-IP6 286 169 192 100 105 54 55 45

scyllo-IP6 98 73 37 51 39 39 27 35

neo-IP6 21 11 9 7 8 5 4 6

D-chiro-IP6 7 5 6 3 2 2 1 2

Othera 81 48 82 24 57 22 26 24

Phosphodiester

DNA 18 11 28 6 24 8 9 13

Othera 11 0 9 <1 0 1 0 2

Orthophosphate 5148 2182 1576 932 1341 962 1918 2492

Polyphosphate

Pyrophosphate 58 22 81 13 40 9 14 14

Othera 6 0 1 0 0 0 0 0

Unknownb 8 5 2 1 3 1 <1 3

Total P 5968 2653 2121 1207 1698 1153 2098 2686

Inorganic P 5212 2204 1658 945 1380 972 1932 2505

Organic P 756 449 463 262 317 181 166 180

% Porg of total 21 27 33 33 29 25 13 11

Abbreviations: Cl-LS, clinopyroxene-dominated lava sand; Fluviatile, Fluviatile sand; Ze-LS, zeolite-dominated lava sand.
aSummation of all sharp signals of unknown identity within the phosphonate, phosphomonoester, phosphodiester or polyphosphate regions.
bCombined NMR signals located between the phosphonate and phosphomonoester region at δ 11.45–11.35 ppm and between the phosphomonoester

and phosphodiester region at δ 2.47–2.22 ppm.
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similar trend occurred at the Cl-LS CW and Ze-LS

CW. Phosphomonoesters in the broad signal have been shown to be

due to complex forms of Po in high molecular weight material that exist

in supra-/macro-molecular structures (Jarosch et al., 2015; McLaren

et al., 2015; McLaren et al., 2019). The sequestration of complex forms

of Po with operation time across the CW sites is consistent with the

accumulation of organic C, and likely involves metals as part of the

organic matrix. Whilst the exact mechanisms remain unclear, their

sequestration appears to be related to humification processes

(Doolette et al., 2017; Hamdan et al., 2012; Schefe et al., 2015). Here,

the accumulation of broad phosphomonoesters is likely to occur via the

degradation of plant and/or microbial contents, with a subsequent sta-

bilization reaction with metals and other carbon molecules.

Pools of unknown sharp peaks in the phosphomonoester region

(phosphomonoester ‘other’ in Table 1) ranged from 22 to 82 mg kg−1

across all samples, which comprised on average 17% of total pho-

sphomonoesters (Table 1). The identity of these Po species is

unknown, but is likely due to a myriad of lower order (IP5 to IP1)
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F IGURE 3 Correlation between
operation time and concentrations
difference between the surface layer
(0–10 cm) and the 40–50 cm layer of
(a) readily soluble phosphorus (resin-P),
(b) water extractable inorganic
phosphorus (H2O-Pi), (c) water extractable
organic phosphorus (H2O-Po), (d) Al and
Fe bound inorganic phosphorus (NaOH-

EDTA-Pi), (e) Al and Fe bound organic
phosphorus (NaOH-EDTA-Po), (f) Ca and
Mg bound inorganic phosphorus (HCl-Pi),
(g) Ca and Mg bound organic phosphorus
(HCl-Po) and (h) residual fraction
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inositol phosphates (Reusser et al., 2019). This is because a variety of

enzymes are known to dephosphorylate IP6 along a continuum of

lower order inositol phosphates (Cosgrove, 1970; Sun et al., 2017),

which could then become stabilized by metal surfaces.

Phosphonates were the second most abundant pool of Po, which

comprised on average 13% of the extractable Po across all filter mate-

rials (Table 1 and Figure S1 of the Supporting Information). This is

higher than typically reported for mineral soils, where pho-

sphodiesters are generally the second most abundant pool of Po

(Jarosch et al., 2015; McLaren et al., 2015). Increasing concentrations

of phosphonates with operation time may be a result of elevated

microbial populations under nutrient rich regular addition of organic

substances. This pool of Po is likely to be recyclable and bioavailable

under different conditions, such as warmer temperatures and less pre-

cipitation (Condron et al., 2005).

3.4 | Sorption mechanisms and degree of
phosphorus saturation of filter materials

The DPS results were close to or slightly above 100% in all Fluv-CW

surface layers, whereas the DPS values decreased to 35%–50% in the

40–50 cm layer (Figure 5a). In CWs with lava sand, DPS values in sur-

face layers (25%–34%) were only slightly higher than in deeper layers

(14%–19%), despite significant P accumulation. This suggests a high P

sorption capacity at these sites, most likely due to their specific surface

areas being a level of magnitude higher than those of Fluv sands. The P

saturation in the Fluv-CW surface layer is consistent with their low sur-

face area for P adsorption compared to that of the other filter materials.

A similar DPS value for the surface layer of Fluv-16yr (117%) compared

to that of the other Fluv CWs (92–123%) was found, although much

more P accumulated in the Fluv-16yr surface layer (Figure 1a, and

Table S2 of the Supporting Information). Therefore, it is likely that

increasing inputs of P at the Fluv-CWs will accumulate as Po and/or

transfer to deeper layers where P saturation has not yet occurred. The

correlation of phosphate sorption to oxalate extractable Fe and Al in

wetlands is well documented (e.g., Reddy et al., 1995;

Richardson, 1985). Our results indicate, that even though Al and

Fe(hydr)oxides offer important binding sites for P, they are not the sole

regulating mechanisms of P retention in these artificial wetland systems.

High concentrations of oxalate extractable Fe and Al in the

40–50 cm layer of Cl-LS and Ze-LS CWs indicate the high Fe and Al

contents in the original substrates. In contrast, concentrations of oxa-

late extractable Al and Fe were very low in the 40–50 cm layer at Fluv

CWs (0.06 g Al kg−1 and 0.1 g Fe kg−1, respectively), but accumulated

in the 0–10 cm layer. In particular, there was a net accumulation of

oxalate extractable Al in the surface layer of Fluv CWs, which

increased with operation time and was concomitant with accumula-

tion of P and high DPS values (Figure 6).

Addition of cationic metals such as Fe3+, Al3+ and Ca2+ is known

to enhance the efficiency of P immobilization (Karjalainen et al., 2016;

Laakso et al., 2016; Ronkanen et al., 2016). Filter materials amended

with different metal salts demonstrated the effectiveness in

immobilizing soluble P in CWs in the order of FeCl3 > Al2(SO)4 > Ca

(OH)2 > CaCO3 > CaMg(CO3)2 (Ann et al., 2000).. Using column

leaching experiments, Fe and Al containing inflow water was shown

to increase P removal (up to 7 fold) and extend retention capacity

(10–100 times) of peatland soils as compared to metal free water

(Ronkanen et al., 2016). In addition, the authors reported a strong and

significant correlation between removal of P and removal of Fe and Al

at this site. Therefore, interaction between P and Al contained in the

inflow water may explain the increased accumulation of oxalate

F IGURE 4 Solution 31P nuclear magnetic resonance (NMR) spectra of the orthophosphate and phosphomonoester region (δ 6.4–2.8 ppm) on
NaOH-EDTA extracts for the 0–10 cm layer of fluviatile sand (Fluv) constructed wetland after (a) 16 years and (b) 8 years operation time.
Phosphorus species within the region have been identified as: A – orthophosphate (δ 5.38 ppm), B – myo-inositol hexakisphosphate (δ 5.05, 4.10,
3.72 and 3.61 ppm), C – scyllo-inositol hexakisphosphate (δ 3.25 ppm), D – neo-inositol hexakisphosphate in the 4-equatorial/2-axial position (δ
5.94 and 3.77 ppm), E – neo-inositol hexakisphosphate in the 2-equatorial/4-axail position (δ 4.31 and 4.16 ppm), F – D-chiro-inositol
hexakisphosphate in the 2-equatorial/4-axial position (δ 5.69, 4.29 and 3.87 ppm), and G – broad signal (centred at around δ 4.13 ppm with a line-
width of 181 Hz)
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extractable P with operation time at the Fluv CWs, and extended P

retention capacity in the surface layers of older Fluv CWs.

There was a strong correlation between concentrations of oxalate

extractable P and those of Al and organic C (r = 0.97, p < 0.01,

Table S3 of the Supporting Information), which provide further sup-

port for the strong association of Al with P and their retention in

CWs. This finding is also consistent with the accumulation of Al and

Fe bound P (e.g., NaOH-EDTA extractable Pi and Po) in all CWs.

Orthophosphate has high adsorption affinity to amorphous Al (hydr)

oxides and there is the potential of forming secondary Al-P minerals

(Ronkanen et al., 2016). Additionally, there was also a strong correla-

tion between concentrations of oxalate extractable P and organic C

(r = 0.90, p < 0.01). These results are consistent with increases in the

concentration of Po over time, and suggest they are closely associated

with amorphous metals and organic C.

Interaction between P and Fe seem to be less important due to

the reductive dissolution of Fe (hydr)oxides during reducing phases of

CW operation, as reflected by decreases in reducible Fe (NH2OH�HCl

extractable) at the Fluv, Cl-LS and Ze-LS CWs (Huang et al., 2017). As

Al-(hydr)oxides are less subject to reduction during anoxic conditions,

P retention with Al might be more stable compared to Fe in these

systems.

Both Fe- and Al-mediated P immobilization appeared to be neg-

ligible at the Cl-LS and Ze-LS CWs, since there was little increase in

the concentration of Feox and Alox in surface layers compared to

deeper horizons at these sites (Figure 5c,d). Since the specific sur-

face areas of both Cl-LS (18 m2 g−1) and Ze-LS (72–80 m2 g−1) were

higher than that of Fluv (1 m2 g−1), P, Fe and Al contained in inflow

water may efficiently be retained onto the filter material surface via

adsorption. These findings are consistent with the DPS values

F IGURE 5 (a) Phosphorus saturation index (DPS) and (b) concentrations of oxalate extractable P, (c) Al and (d) Fe at 0–10 and 40–50 cm
depths (20–30 cm depth at constructed wetland [CW] Ze-LS-6yr) of CW profiles based on fluviatile sand (Fluv), clinopyroxene-dominated lava
sand (Cl-LS, shaded grey) and zeolite-dominated lava sand (Ze-LS). Standard deviations of three spatial replicates at each site are shown
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reported here, which indicated only about 30% P saturation at the

time of sampling.

4 | CONCLUSIONS

P accumulation increases with age of the investigated vertical flow

CWs in all three investigated filter materials (fluviatile sands, zeolite-

and clinopyroxene-dominated lava sands). Even though CWs continue

to be efficient in accumulating P (and thus removing P from wastewa-

ter), the DPS is 100% or even more in the fluviatile sand operated

CWs. Values greater than 100% DPS indicate that processes other

than sorption to Fe and Al play a crucial role in these systems.

The dominant forms of extractable P were poorly crystalline inor-

ganic P (Pi) associated to Fe- and Al (hydr)oxides or to Ca and Mg min-

erals, with lower contribution of organic P (Po) especially in the fluviatile

CWs (Fluv CWs). While Po fractions indicate low recycling potential

under relatively large scale operating unit conditions, P bound to Fe and

Al(hydr)oxides or Ca and Mg minerals might be readily desorbed under

anoxic and/or slightly acidic conditions. Solution 31P NMR spectroscopy

on NaOH-EDTA extracts of filter materials indicated a large portion of

the organic P were pools of IP6, and ‘complex’ phosphomonoesters

(i.e., broad signal) that is associated with large molecular weight material

and humic substances. These pools were also important sinks of waste-

water P over time. While a retention of P in organic forms might indicate

a potentially unlimited sequestration potential, it simultaneously restricts

the recycling (e.g., desorption) capacity of P from these materials.

As we investigated vertical flow CWs, most of the phosphorous is

accumulated in the upper horizons. Future research should concen-

trate on desorption/extraction experiments or on experiments using

the filter material of the upper horizons directly as fertilizer, as our

results indicate high bioavailability of the major P pools. However,

maximum substrate contents of Al and Fe bound inorganic P of 0.5%

in the surface horizon of the oldest fluviatile and up to 0.4% in the

zeolite dominated lava sands are still too low for direct fertilizer use.
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Additional supporting information may be found online in the

Supporting Information section at the end of this article.
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